Background: Osteoflux is a three-dimensional printed calcium phosphate porous structure for oral bone augmentation. It is a mechanically stable scaffold with a well-defined interconnectivity and can be readily shaped to conform to the bone bed's morphology.
INTRODUCTION
A contemporary approach to tissue regeneration consists in utilizing extrinsic optimized matrices (i.e. scaffolds). Target cells are attracted to, and guided by the scaffolds which they colonize while synthesizing new tissue. As the new tissue develops to provide a physiological function, the scaffold gradually resorbs until complete disappearance.
In the context of bone reconstruction, the ultimate matrix is osteoinductive (it induces cell transform towards the bone cell lineage), osteoconductive (it guides the cells along its surface), and its resorption rate is controllable. These properties are brought forth by acting on the scaffold's:
• Chemical composition (including biochemical and-or pharmaceutical agents),
• Structure, that is, porosity, interconnectivity and overall geometry, and • Surface structure, comprising nano/micro-porosity and roughness. 1 The surface should be "microrough" (R a : 2-3 mm) to foster the adsorption and adhesion of proteins and biofactors from the extracelluar matrix. 2, 3 Macroscopically (0.01-0.04 mm), the ideal porosity is in the 60% range whereby the pores must be interconnected. Roughness and connectivity must be calibrated to promote the sprouting of blood vessels within the scaffold. The vessels in turn, will provide support for rapid osteogenesis and mineralization. 4, 5 Chemically and structurally, synthetic calcium orthophosphate bioceramics, e.g. hydroxyapatite (HA), a-or b-tricalciumphosphates (a-or b-TCP) are similar to the natural components of bone and teeth. 6 Because of this closeness, they are ideal ingredients when tailoring bone substitutes. Their resorption rate can be set by adjusting the Ca/P and HA/TCP ratios 7, 8 resulting in compounds collectively referred-to as "biphasic calcium phosphates" (BCP). Upon resorption, these will concentrate ions and induce bone neo-synthesis. 1 Also, phosphocalcic bioceramics can be grafted with biochemical factors such as BMP-2 which are released during resorption hence further promoting bone formation. [9] [10] [11] Recently, a process was developed to threedimensional print a BCP paste. The resulting construct (OsteoFlux V R , Vivos dental, Switzerland) is in line with the criteria listed above: (1) The main phases are calcium phosphates in the form of a-TCP and microcrystalline, calcium deficient HA. (2) The construct's macroporosity ranges from 40% to 50% and the total porosity (i.e. including the scaffold's internal microporosity from 50% to 65%. (3) The porosity is regular and forms an interconnected network.
Regarding osteogenesis and osteoconduction, the construct was shown to surpass traditional bone substitutes (natural or synthetic) by 2 to 4 times in a sheep calvarial model. 12 The material supports haversian bone maturation and, after 2 months, resorbs to 35% of its initial volume after BMP-2 stimulation. 9 Such three-dimensional prints thus appear as suitable for the reconstruction of intraoral bone defects prior to dental implant placement. As yet, however, they have not been clinically tested for vertical bone augmentation. Therefore the present pilot study proposes to assess the construct's suitability for large vertical bone augmentation in a canine mandibular model.
MATERIALS AND METHODS

Experimental Design
The experiment was conducted on a beagle dog. After initial acclimation, eight lower premolars and two molars (left and right P1-4, M1) were extracted under general anesthesia. After a period of three months, four experimental three-dimensional printed blocks were placed in the edentulous zones and covered by collagen membranes. The animal was sacrificed after two months. The mandibles were block-sectioned and subjected to histomorphometric analysis. Outcomes were analyzed in terms of new bone synthesis, bone substitute volume, and neovascularization.
Specimens
Three-Dimensional Printed Blocks (OsteoFlux V R , Vivos-Dental, Switzerland), n 5 4. These constructs are made of orthogonally layered cylindrical filaments, 350 mm in diameter separated by spaces 250 mm in width ( Figure 1a ). Upon printing, the filaments are deposited as a high viscosity paste which progressively sets to a hard consistency. The paste is synthetic calcium phosphate with a calcium-to-phosphate ratio of 1.43 (range: 1.35-1.5). The calcium phosphates are made of a-TCP and microcrystalline, calcium deficient HA. The constructs' macroporosity ranges between 40% and 50% and the total porosity from 50% to 65%. 12 The blocks (10 mm in length, 10 mm in width, 5 mm in height) were reduced in width by grinding to fit the mandibular width at the implantation site (Figure 2a ). Length and height were kept constant ( Figure 1b ). The edges were rounded off to prevent cuts or tearing of the soft tissue.
Collagen membranes (Biogide V R , Geistlich, Switzerland) were used to cover the blocks before suturing.
Animals
A Beagle dog (male, 18 months, 16 kg) was selected for the study (Domaine des Souches, Mezilles, France). The animal underwent an acclimation period of 16 days prior to surgery. The experiment was conducted in a dedicated facility (NAMSA, Chasse sur Rhône, F (ISO/CEI 17025 13 ). In line with European requirements (European Directive 2010/63/EU 14 ), all animal experiments were approved by a veterinary committee (NAMSA Ethical Committee and the French Ministry of Agriculture).
Surgical Procedures
Medication and Anesthesia. The dog was deprived of food for 12 hours before surgery. Spiramycin and metronidazole (Buccoval V R , Ceva, Libourne, France) were administered per os (PO) before anesthesia. After intramuscular injection (IM) of medetomidine (Dorbene Vet V R , Pfizer, NY, USA), anesthesia was induced by intravenous (IV) administration of ketamine (Ketamine1000 V R , Virbac, Carros, France) and atropine (Atropinum Sulfuricum, Aguettant, Lyon, France) followed by inhalation of a mixture of O 2 and isoflurane (IsoFlo V R , Abbott Laboratories, Chicago, IL, USA). A pre-operative subcutaneous injection of carprofene (Rimadyl V R , Pfizer, NY, USA) was administered. A veterinary ophthalmic ointment (Ocrygel V R , Laboratoire TVM, Lempdes, France) was applied to both eyes. An IV perfusion (Ringer Lactate V R , Ceva, Libourne, France) was given during surgery. Cardiac frequency, O 2 satura-tion and temperature were monitored during the entire procedure. Prior to surgery, injections of lidoca€ ıne 20 mg/ml with adrenaline 0.0125 mg/mL (Aguettan, Lyon, France) were placed in each hemi-mandible. After the surgery, atipamezole (Alzane V R , Pfizer, NY, USA) was injected IM to wake-up the animal. An analgesic injection of buprenorphine (Buprecare V R , Animalcare, York, England) was administered before awakening.
Tooth Extraction. First the teeth were scaled using an ultrasonic scaler. After reflection of mucoperiosteal flaps, each tooth to be extracted (except the first premolar) was parted to two single roots using a dental bur. The luxator was superficially inserted between the tooth root and the alveolar bone and the blade was driven in an apical direction with controlled force and rotated around the root until it became loose in the alveolus. A small forceps was then used to remove the root by applying rotational and apical force. If breakage occurred, an elevator was used to remove the root remnants. A total of ten teeth were extracted (four mandibular premolars and the first mandibular molars). The alveoli were cleaned with a curette and saline solution to remove debris (Aguettan, Lyon, France). Last the gingival flaps were sutured with silk thread (Perma-Hand V R 3-0, Ethicon, Sommerville, NJ, USA). The sutures were removed after two weeks under general anesthesia. Grafting. Buccal and lingual mucoperiosteal flaps were raised on the edentulous dental arch segment. Then the exposed jaw bone was flattened buccolingually using a dental bur and a stainless steel surgical guide (Figure 1c1 ). This flattening sufficed to provoke homogeneous bleeding on the whole grafting surfaces. A titanium screw (CP G IV, Praxis, Tournan en brie, France), 8 mm in length was inserted in the bone before placing the three-dimensional block to serve as reference for histometrics. Two transcortical tunnels (1.25 mm in diameter) were drilled for two teflon loops (Gore-Tex V R CV3, Gore Medical, Flagstaff, AZ, USA) which stabilized the blocks (see Figure 1b and c2).
Four three-dimensional printed blocks were placed (two on each side of the lower jaw (see Figure  1c2 ). They were covered with a collagen membrane (see Figure 1c2 ) and the gingiva was sutured (see Figure 1c3 ) (Vicryl V R 3-0, Ethicon, Sommerville, NJ, USA and Gore-Tex V R CV3, Gore Medical, Flagstaff, AZ, USA). Again the sutures were removed after two weeks under general anesthesia.
Follow-Up Procedures
Radiographs. X-ray pictures were taken immediately after grafting surgery and after the block sections were retrieved at the end of the experiment to assess the location of the blocks and their radio-opacity (Figure 2b and c) Post-operative care. The following care was administered:
• Antimicrobial prophylaxis: spiramycin and metronidazole (Buccoval V R , Ceva, Libourne, France) were administered PO daily, for 14 days following each surgery (tooth extraction and grafting.
• Anti-inflammatory agents: Carprofene (Carprodyl V R , Ceva, Libourne, France) was administered PO daily for 7 days following each surgery (teeth extraction and implantation).
•
Local disinfection: Chlorhexidine 0.5% (Cooper, Melun, France) was applied on the sites once a day following each surgery (teeth extraction and implantation) until wound healing was complete.
Monitoring. The dog was maintained on a soft diet throughout the study and weighed every 2 weeks. He was observed once daily for any clinical abnormality.
Histological Preparation, Histopathologic and Histomorphometric Analysis
After complete fixation, the jaws were blocksectioned. The blocks were (i) rinsed for 3 h with tap water, (ii) dehydrated in alcohol solutions of increasing concentration, (iii) cleared in xylene, and (iv) embedded in polymethyl methacrylate resin (Merck, USA). Using a precision band saw (EXAKT system, Germany), undecalcified specimens were obtained by sectioning the blocks perpendicular to the bone surface mid-way through bucco-lingual and mesio-distal extremities. Then the specimens were thinned out to a thickness of 30 to 40 mm by microgrinding and polished (Mecapol P320, Presi, France). Finally they were stained with modified paragon. The sections were digitized with a light microscope (Eclipse 80i Nikon, Japan) coupled to a digitizing camera (Allied Vision Technologies, Germany). Single pictures of high power fields at 103 magnification were assembled to generate large overview images. The outlines of three-dimensional blocks remnants, new bone tissue, and neovascularization were scribed using a software for image analysis (Calopix viewer, Tribvn, France). The structures of interest were delimited manually using a graphical pad on the entire surface covered by the three-dimensional blocks, that is, from the external cortical limit of the bony bed to the external limits of the block. A segmentation in five horizontal planes of 1 mm in height was determined and the amounts of new bone, bone substitute, and capillaries were expressed as percentages of the segments (or the total surface). Artifacts and/or broken tissues were excluded from the computations. The histopathologic evaluation was performed using the scoring system described in Table 1 (ISO 10993-6 standard 15 ).
Statistical Analysis
The histomorphometrical data were checked for normal distribution and equivalence of variances. Unpaired t-tests were used to compare the groups within a slice in the analyses of horizontal segmentation (n 5 8). The null hypothesis was rejected at p < 0.05.
RESULTS
At necroscopy, macroscopically none of the four sites presented signs of inflammation. In the vicinity of the edges of the blocks, the gingival tissue appeared as somewhat tense.
Histologic and Histopathologic Evaluation
Prior to histomorphometric analysis, a histopathologic quantification was conducted according to the scoring system of Table 1 . The resulting data are listed in Table 2 .
The three-dimensional printed blocks showed evident signs of osteo-and vascular-conduction along the vertical canals (Figure 3a and d ; Table 2 ). The horizontal canals also were largely filled with new bone and a central vasculature had developed ( Figure  4b and c) . The three-dimensional blocks integrated well, as shown by the intimate contact between the newly formed bone and the grafting material ( Figures  3b, 4a and b) . The bone was characterized by marked osteoblastic activity, even at large distances from the bony bed (Figures 3c and 4a ; Table 2 ).
The grafting material appeared as more degraded at its edges. In these zones, some soft tissue ingrowth (Figure 3d ; Table 2 ) and the presence of macrophages and osteoclasts (interspersed with few inflammatory cells) ( Figure 4d ; Table 2 ) was also observed. The remaining space was filled with connective-and highly vascularized osteoid tissue (Figures 3b and c,  4a and c).
Histomorphometric Evaluation
Three aspects were addressed for histomorphometric analysis: new bone growth, three-dimensional block resorption, and neovascularization.
After 2 months, new bone (NB) covered 26.2 6 2.9% of the total area (Figure 5a ). The outermost bone was located at a height ranging between 4 and 5 mm (Figures 3d and 4a) where it represented 6.4 6 1.6% of the compartment (Figure. 4b ). Maximal bone formation was observed at 0 to 1 and 1 to 2 mm (44 6 3%, 36 6 4%, respectively) and then decreased gradually up to 5 mm height (Figure 4b) . The largest amount of bone was deposited within the three first millimeters (35% at 0-1 mm, 28% at 1- 2 mm, 18% at 2-3 mm). A total of 13% were laid at 3 to 4 mm and 5% above 4 mm (Figure 5e ). The new bone was evenly distributed mesiodistally ( Figure 3a ) and buccolingually (see Figure 3d ). It developed a new crest contour in harmony with the natural mandibular shape (Figure 3d ).
As to the area occupied by the three-dimensional block (DB), a total coverage of 24.5 6 2.8% was measured (Figure 5a ). The DB was significantly reduced in the basal area (0-1 mm), representing 14.5 6 3%; no significant differences were observed at heights of 2 to 5 mm although a gradual decrease of DB was noted (Figure 5c ).
Besides NB and DB, the capillaries included in the osteoid tissue covered a surface of 4.1 6 0.6% (Figure 5a ). This proportion was nearly stable from 0 to 5 mm height (Figure 5d ).
DISCUSSION
The present pilot study aimed at assessing the threedimensional-printed block OsteoFlux V R for its ability to promote and support large vertical bone augmentation in a canine mandibula. Four three-dimensional blocks were placed on both sides of a flattened edentulous jaw and covered by a collagen membrane. The ensuing vertical bone augmentation was evaluated histologically and histomorphometrically 2 months after implantation. The new bone coverage reached ca. 30% of the entire surface measured. Furthermore, the three-dimensional block induced new bone and vasculature formation up to 4 to 5 mm from the bony bed.
Dogs have been extensively used in research on implant dentistry and bone tissue regeneration -the dog bone's metabolism being considered as similar to that of humans. 16 The ligature fixation used in the present experiment was used to prevent the side-effects of screwtype fixation devices, therefore to assess the sole effects of the three-dimensional block on osteoconduction. In effect, endosseous titanium (Ti) screws are known to osseointegrate. 17 In guided bone regen-eration procedures, they can be used as mere space holders but they also direct and guide bone growth. 18 The ligature technique has a proven efficiency 19 and was chosen to prevent the extraneous bone stimulation by the screws. Still, in future clinical use, the three-dimensional blocks will be stabilized using Ti screws.
The first studies on the performance of these three-dimensional blocks were conducted on a sheep calvarial model using titanium caps. 9, 12 These were optimal conditions for bone growth and led to a new bone volume after 2 months of ca. 25%, of which 10% were located above 3 mm in height. The conditions of the present experiment are definitively harsher as the block, 5 mm in height, was fixed on a narrow base. It was weakly protected by a collagen membrane against fibro gingival invasion and subjected to tension as the mucosa healed. Still, equal amounts of new bone were measured as compared to the previous sheep studies -the new bone rising by 26%, with a proportion of 13% above 3 to 4 mm and 5% above 4 mm.
Guided bone regeneration (GBR) has been successfully used to rebuild horizontal alveolar defects using a particulate synthetic bone grafting material. An average gain of bone height in the 3.3 mm range was reported. [20] [21] [22] However, whenever the alveolar crest width is less than 3.5 mm, that is, with a risk of graft placement outside its bony envelope, block grafting is recommended. These block grafts are harvested either from extra-oral or from intra-oral sites. The complication rate associated with autografts is in the 8% to 11.1% range and partial or complete graft loss occurs in 8% to 20% of patients. 23, 24 The resorption rate of autologous bone is high, compared to that of particulate synthetic resorbable bone grafting material. Still there is a lack of materials that truly duplicate the regenerative ability of autologous block bone graft. 23 In view of the data generated so far, Osteoflux would be a suitable candidate.
Regarding degradation of the three-dimensional block, we did not observe any breakage, the initial architecture being preserved on all samples (see Figure 2b and c) . Still, the block edges, although rounded before placement, created gingival tensions leading to minor immune cells infiltrates. A cell mediated resorption (macrophages and osteoclasts) resulted as well as a slight fibroid ingrowth which was confined to the very first microns of the block -the rest being colonized by new bone, osteoid and capillaries.
By nature, a single case is low powered regarding statistical significance. However, when considering the reproducibility between our first studies on sheep calvaria 9, 12 and the present experiment that approaches clinical conditions, we conclude that the results are encouraging. Further experiments including a larger number of animals will be of interest to confirm the potential of a synthetic bone graft as alternative to allogenic graft tissue
